Several retinoid binding proteins and nuclear receptors are speci®cally expressed in murine placenta. However, little is known about molecular events and target genes regulated by retinoids during placentation. Here, we report that several retinoic acid-inducible (Stra) genes, originally isolated by a differential screening procedure, exhibit speci®c expression patterns in mouse placental tissues. Three Stra genes, including the ephrinB1 receptor tyrosine kinase ligand, are prominently expressed in the regions of exchanges between maternal and embryonic circulations, i.e. the yolk sac and/or the labyrinthine zone of the mature placenta. The Meis2 homeobox gene appears to be speci®cally expressed in maternally-derived cell populations. Three other Stra genes, including the AP-2-related gene AP-2g , are differentially expressed in the trophoblastic cell lineage. Thus, retinoids may regulate various signaling pathways in speci®c placental cell-types. q
Retinoic acid (RA), the active vitamin A (retinol) derivative, plays important roles during vertebrate development (reviewed in Conlon, 1995; Morriss-Kay and Ward, 1999) . In mammals, the maternally-derived retinoids must ®rst pass through the placenta to reach the developing embryo. At early developmental stages, i.e. until about embryonic day (E)12.5 in the mouse, placental function is achieved by the yolk sac (choriovitelline placenta). At later stages of development, yolk sac function is superseded by the haemochorial (chorioallantoic) placenta (Enders, 1965) . We have previously shown that several retinoid-binding proteins and RA receptors (RARs, RXRs) are speci®cally expressed in mouse placental tissues (Sapin et al., 1997a) and that RXRa and b are required for normal chorioallantoic placentation (Sapin et al., 1997b; Wendling et al., 1999) . However, little is known concerning the downstream targets of RA regulation within the placenta. Using a differential subtractive hybridization cloning procedure, we characterized eleven novel genes that are RA-responsive in murine P19 cells (Bouillet et al., 1995a) . These genes encode novel transcription factors and secreted signaling molecules, or proteins of unknown function (see refs. hereafter). Here, we have analyzed the mRNA expression patterns of these Stra (for`Stimulated by RA') genes within the placental tissues by in situ hybridization of mouse embryos from E7.5 to 17.5.
Results and discussion
Four genes, Stra3/lefty1 (Oulad-Abdelghani et al., 1998), Stra7/Gbx-2 (Bouillet et al., 1995b) , Stra9 and Stra11/ Wnt8A , were not expressed at detectable levels in placental tissues throughout the analyzed period (data not shown). All the other Stra genes exhibited differential placental expression patterns, as summarized in Table 1 and described hereafter.
Stra1/ephrinB1 encodes a 345 amino acid protein (Bouillet et al., 1995a) , which acts as a ligand for Eph receptor tyrosine kinases (reviewed in Holder and Klein, 1999) . The ephrinB1 gene was expressed in the outer endometrial region (Fig. 1A ) and in the placental structures mediating the exchanges between maternal and fetal circulations, i.e. the yolk sac membrane (both at early and late developmental stages: Fig. 1A±C ), the chorionic plate at E10.5 (Fig. 1B) and the labyrinthine zone of the mature placenta (Fig. 1C) . These regions undergo important angiogenic events, which are known to be regulated by receptor tyrosine kinase pathways (Giroux et al., 1999) . The Stra4 gene contains a 1603 amino acid open reading frame, with no signi®cant homology to known protein motifs (Bouillet et al., 1995a) . Stra4 was strongly expressed in the developing embryo ( Fig. 2 ; and data not shown). However, its extraembryonic expression was restricted to the yolk sac at all developmental stages ( Fig. 2; and data not shown). Such a restricted expression has been described for another RA-inducible protein involved in retinoid transport, the retinol binding protein (RBP) (Johansson et al., 1997; Sapin et al., 1997a) . Stra6 encodes a novel type of integral transmembrane protein (670 amino acids), speci®cally expressed during embryonic development and in adult blood-organ barriers . During early placentation, Stra6 was expressed in the yolk sac membrane and the chorionic plate (data not shown). In contrast to Stra1 and Stra4, Stra6 expression was no longer detected in the yolk sac membrane during mid-late gestation, but was found in the labyrinthine zone of the chorioallantoic placenta (data not shown; see . The Stra10/Meis2 gene (Oulad-Abdelghani et al., 1997) encodes a 401 amino acid homeodomain-containing protein exhibiting 85% overall identity to the Meis1 gene product (Nakamura et al., 1996) . Meis1 and Meis2 share identical homeodomains, which are related to those of the Pbx family (Moskow et al., 1995) . During early gestation, Meis2 was expressed in trabeculae within the mesometrial region of the endometrium and decidua (Fig. 3A,B) and, by E10.5, in the junctional zone between embryonic and maternal compartments (Fig. 3B ). In the mature placenta, weak expression was found in thin trabeculae extending within the spongiotrophoblastic and labyrinthine zones (Fig. 3C) . Proteins from the Meis/Pbx family can regulate Hox gene expression by cooperative binding with Hox proteins on promoter elements (Chang et al., 1997) . Some of the Hox genes are expressed in the uterine stroma and decidua during early gestation (Satokata et al., 1995) , thus raising the possibility that Meis2 may be involved in their regulation. Trophoblastic giant cells play important roles during placentation by producing hormones required for the maintenance of pregnancy, and by modulating immunity between maternal and fetal tissues (Ilgren, 1983) . Three Stra genes were differentially expressed in the trophoblastic cell lineage. From E10.5 to 15.5, two of these, Stra8 (OuladAbdelghani et al., 1996a) and Stra12 (Bouillet et al., 1995a) were speci®cally expressed in mural trophoblastic giant cells, which derive from the trophectoderm surrounding the blastocoele and are located between the decidua capsularis and parietal endoderm (Fig. 4D,F; and data not shown) . The same expression pattern has been described for mouse placental lactogen hormones (Yamaguchi et al., 1992) , calcium calbindin-D9k protein (Shamley et al., 1996) and osteogenic protein OP-1 (Ozkaynak et al., 1997) . Stra2/AP2g (Chazaud et al., 1996) encodes a new member of the AP-2 transcription factor family, which exhibits about 65% identity with AP-2a and b and can activate transcription by binding to the GCCN 3 GGC (AP-2) motif (Oulad-Abdelghani et al., 1996b). AP-2g was expressed earlier than Stra8 and Stra12 (7.5 dpc), at low levels in decidual cells, and strongly in the polar trophoblastic giant cells (Fig. 4A,C) . The latter cells, which originate from the trophectoderm overlying the inner cell mass and from the ectoplacental cone, are located at the interface between the decidua basalis and the spongiotrophoblastic zone of the chorioallantoic placenta. AP-2g expression persisted in polar trophoblastic giant cells until mid-late gestation ( Fig. 4C ; and data not shown). Expression was also found in the developing chorionic plate (Fig. 4C) , and became speci®c of the spongiotrophoblastic zone by late gestation (Fig. 4E) . Several AP-2-regulated genes are co-expressed with AP-2g in these placental regions, namely renin (Baxter et al., 1991) , interleukin 7 receptor (Pleiman et al., 1991) , nucleolin (Srivastava et al., 1990) , CYP11A1 (Pena et al., 1999) , adenosine deaminase (Shi and Kellems, 1998) and thromboxane synthase (Miyata et al., 1994) .
In conclusion, several RA-inducible (Stra) genes are expressed in two major placental components: the regions of maternal-embryonic exchanges (yolk sac and labyrinthine zone) and the trophoblastic giant cells. Further characterization of the control of expression and function of these genes in the placenta should lead to a better understanding of the molecular role of retinoid signaling during placentation.
Methods
Embryos were recovered from natural overnight matings between CD1 mice, and morning of vaginal plug detection was considered as E0.5. Embryos maintained in utero at early developmental stages (E7.5±10.5) or explanted from the uterus with their placenta and extraembryonic membranes at later stages (E12.5±17.5) were collected in cold phosphate-buffered saline, placed in molds with embedding medium and frozen on the surface of dry ice, as described in Niederreither and Dolle Â (1998). Sectioning and in situ hybridization was performed as described (Niederreither and Dolle Â, 1998) . The template cDNAs used to generate Fig. 4 . Differential expression patterns of Stra 2/AP-2g and Stra8 at E7.5 (A,B), E10.5 (C,D) and E15.5 (E,F). CP, chorionic plate; De, decidua; En, endometrium; Em, embryo; JZ, junctional zone; LZ, labyrinthine zone; MGC, mural trophoblastic giant cells; My, myometrium; PGC, polar trophoblastic giant cells; SZ, spongiotrophobastic zone; U, uterus wall. S-labelled riboprobes have been described in Bouillet et al. (1995a) (Stra1, 4, and 9) , Bouillet et al. (1995b) (Stra7) , Bouillet et al. (1996) (Stra11) and Bouillet et al. (1997) (Stra6); Chazaud et al., 1996 (Stra2) and Oulad-Abdelghani et al. (1996a) 
